The aim of this study was to determine whether dietary cholecalciferol affects the recruitment and growth of axial skeletal muscle fibers in first-feeding European sea bass. Larvae were fed diets containing 0.28 (VD-L, low dose), 0.69 (VD-C, control dose), or 3.00 (VD-H, high dose) mg cholecalciferol/kg from 9 to 44 d posthatching (dph). Larvae were sampled at 44 dph for quantification of somatic growth, muscle growth, and muscle growth dynamics and at 22 and 44 dph for the relative quantification of transcripts encoded by genes involved in myogenesis, cell proliferation, and muscle structure.
Introduction
There are lines of evidence from studies in humans, mammals, and birds that, in addition to its well-known functions in regulation of calcium and phosphate homeostasis, cholecalciferol also acts on several tissues, including muscle (1) . In humans and terrestrial vertebrates, cholecalciferol affects skeletal muscle histology, morphology, and ultrastructure (2) (3) (4) (5) and regulates the proliferation and differentiation of different cell types (1), including skeletal muscle cells (6, 7) . Information concerning the effects of cholecalciferol on fish muscle cells is limited. In juvenile rainbow trout (Oncorhynchus mykiss), a cholecalciferol deficiency results in tetany of the white musculature (8, 9) and in changes in white muscle fiber ultrastructure (10) . Feeding amago salmon (Oncorhynchus rhodurus) alevins with a vitamin D-free diet induces lesions in cardiac muscle fibers and in red and white skeletal muscle fibers (11) . No information regarding the effects of dietary cholecalciferol on muscle fibers is available for the early stages of marine fish. Such studies require the development of compound diets specific to fish larvae matching their nutritional requirements. Such a diet has been developed for European sea bass (Dicentrarchus labrax) larvae (12) , allowing exploration of the early nutritional regulation of tissue development and growth.
In sea bass larvae, as in other fish larvae, skeletal muscle enlargement is due both to a hyperplastic process (recruitment of new muscle fibers), which persists after hatching, and to hypertrophy (increase in muscle fiber size) (13) . The little nutritional information available for fish larvae fed microparticulate diets indicates that the cellularity of their skeletal white muscle is influenced by dietary protein sources (14, 15) and lecithin source (16) . To our knowledge, nothing is known about the effects of dietary vitamins on the development and growth of axial skeletal muscle in fish larvae. The present study was therefore undertaken to investigate the effects of different levels of a vitamin known to act on the differentiation and growth of skeletal muscle in terrestrial vertebrates and on muscle histology in juvenile fish (i.e., cholecalciferol) on the early development and growth of skeletal muscle in European sea bass.
Materials and Methods
Growth experiment and sampling procedures Three-day-old European sea bass larvae were reared in quadruplicate at 208C under a 24-h light photoperiod as detailed elsewhere (17) . Larvae were continuously fed from 9 to 44 dph 5 on microparticulate diets incorporating 0 (VD-L, low dose), 0.48 (VD-C, control dose), or 3.50 (VD-H, high dose) mg of cholecalciferol/kg of the diet. VD-C, corresponding to 0.48 mg/kg, was chosen as a control level, because it was providing good results in terms of growth, survival, and morphogenesis in previous studies (12, 18 ) and compared to the other cholecalciferol levels that have induced contrasted results in terms of growth and morphogenesis (17) . The source of cholecalciferol was ROVIMIX D 3 -500 (DSM). Details of diet ingredients are summarized in Supplemental Table 1 .
Larvae were sampled at 22 and 44 dph after 6 h of food deprivation for analysis of muscle gene expression. A pool of 200 mg (wet body weight) was constituted from each quadruplicate of each dietary treatment. This was obtained with ;20 larvae at 22 dph and 5-7 larvae at 44 dph. Total RNA was extracted (17) and kept at 2808C. In addition, 12 larvae per dietary treatment were sampled (3/tank) at 44 dph for analysis of white muscle cellularity. These larvae were fixed for 24 h in 4% paraformaldehyde, pH 7.4, dehydrated, and kept in 70% ethanol at 48C until histological analysis.
All procedures on animals were conducted in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki). The study was performed under license no. 29.021 delivered by the French Department of Veterinary Services (Direction Départe-mentale des Services Vétérinaires).
Analytical methods
The proximate analysis of diets was performed using the following procedures: dry matter after drying at 1058C for 24 h, nitrogen by an automatized combustion method (Dumas A.O.A.C. 990.03) with a Nitrogen analyzer 2000 (Fisons Instruments) and lipids according to a previous report (19) . The cholecalciferol concentration was measured by AQUANAL (Aquitaine Analyses) according to norm NF EN 12821 (AFNOR). The 3 diets contained similar proportions of proteins and lipids (Supplemental Table 1 ). Their cholecalciferol concentrations were 0.28 (VD-L), 0.69 (VD-C), and 3.00 (VD-H) mg/kg, showing that the ingredients themselves supplied ;0.3 mg cholecalciferol/kg diet.
Histological analysis
The TL of the larvae kept in ethanol was measured with Image-Pro Plus software (Media Cybernetics). The larvae were thereafter rehydrated, mounted in a BSA gelatin glutaraldehyde medium, and cut into transverse sections with a vibratome (Labonord). The sections were postfixed in paraformaldehyde and stained with hematoxylin and 1% orange G. Muscle cellularity was examined on one section per fish, located at the vent level. The TCSA WM was quantified with Image-Pro Plus software. The individual area of the white muscle fibers present in this quadrant was similarly quantified, with the exception of fibers attached to myosepts to avoid distortion of fiber size distribution linked to the flattened shape of these fibers. The number of all the muscle fibers present in the TCSA WM, including those attached to myosepts, was counted to determine the TN WMF constituting a dorsal quadrant of white muscle. The individual white fiber equivalent area diameter (diameter of a circle whose area is the same as that of the muscle fiber) was then calculated.
Molecular analysis
Design of PCR primers. The target genes selected for this study are markers of myogenic events (MyoD1, Myf5, Myog), cell proliferation (PCNA), and muscle structure and function (MYH, MYL2, MYL3). These markers, except PCNA, are specifically expressed in muscle cells. The study of the expression of these MRF and myosin chains thus allowed us to characterize muscle development and growth, although RNA was extracted from whole larvae. Dicentrarchus labrax MYH, MYL2, and 18S rRNA (used as housekeeping gene) sequences were retrieved from the NCBI database (DQ317302, DT044936, AY831388, respectively). BLAST searches against the NCBI and EBI databases were performed to identify orthologs of Myf5, MyoD1, Myog, MYH, MYL2, and MYL3 in other teleost species. After alignments, primers for MYH, MYL2, MYL3, MyoD1, Myf5, and 18S were designed in the sequence regions exhibiting the highest identities using Primer 3 software, against Dicentrarchus labrax sequences when available, or against Morone saxatilis or Sparus aurata sequences. For Myog, Sparus aurata primers (20) were used after adaptation by comparison with AF463526 sequence. Primers against Dicentrarchus labrax PCNA were retrieved from literature (21) . The sequences of the primers used are reported in Supplemental Table 2 .
Real-time qRT-PCR. Assessment of RNA quantity and quality was performed with an Agilent 2100 Bioanalyzer (Agilent Technologies) associated with the RNA Integrity Number software algorithm. cDNA was generated from 1 mg of total RNA as previously described (22) . To verify RT reaction efficiency, a standard curve was established by pooling samples of VD-H conditions to perform RT from 2, 1, 0.5, and 0.25 mg of total RNA. After RT reaction, the quantity of diluted cDNA (1/32) was measured using the Quant-iT OliGreen ssDNA kit (Invitrogen, Molecular Probes) to confirm the relative equal quantities of cDNA in the samples. Real-time PCR was performed using the iQ 5 Real-Time PCR Detection system (Bio-Rad) on triplicates of each RT product and optimized using iQ SYBR Green Supermix (Bio-Rad). PCR reactions were set up using 200 nmol/L of each primer and 10 mL diluted cDNA in a reaction volume of 25 mL. Following the final cycle of the PCR, melting curves were monitored to confirm production of a single product. The 18S-adjusted data were analyzed using the DDCT method (23) and the larvae fed the VD-C diet at 22 dph as the control.
Statistical analyses
Statistical analyses were performed with SAS Software (24) . The effects of dietary cholecalciferol level on larva weight, TL, and muscle cell variables (TCSA WM, TN WMF, D mean, D median, D maximum, and number of white muscle fibers in different diameter classes) were tested at 44 dph by 1-factor ANOVA followed by Student-Newman-Keuls tests when the F-test was significant. These ANOVA were performed on individual data (VD-L, n = 9; VD-C and VD-H, n = 10), which were lntransformed (TL, TCSA WM, D) or square-root transformed (TN WMF, number of muscle fibers in a diameter class). The effects of cholecalciferol, dph, and the cholecalciferol 3 dph interaction on muscle gene expression were tested by 2-factor ANOVA on pools of larvae (n = 4, 1 pool/tank) followed by Student-Newman-Keuls tests when the F-test was significant. Mean gene expression results were compared by Student-Newman-Keuls tests when the interaction was significant. Differences were considered significant at P , 0.05. Results are expressed as means 6 SE.
Results

Somatic growth
As previously reported (17) , there was no significant difference in survival rates between groups and the larvae fed the VD-L diet had significantly lower final body weights (35.3 6 3.6 mg) than those fed the VD-C diet (47.0 6 2.2 mg); the weights of the larvae fed the VD-H diet were intermediate (39.5 6 2.8 mg) and did not differ from the 2 other groups. The dietary cholecalciferol level did not affect the TL of the larvae at 44 dph.
Expression of proliferative nuclear antigen, MRF, and myosin chains PCNA expression significantly decreased between 22 and 44 dph and was not affected by dietary cholecalciferol level ( Table  1) . There was no dph 3 cholecalciferol interaction on PCNA expression. The changes in expression linked to development (dph) and dietary cholecalciferol level differed for the 3 MRF under study. There was a significant effect of dietary cholecalciferol level and dph on the expression of Myf5, with a significant dph 3 cholecalciferol interaction. Myf5 mRNA levels were significantly higher at 22 dph than at 44 dph and in VD-Cand VD-H-fed larvae than in VD-0-fed larvae at 22 dph, but similar in the 3 groups at 44 dph. Myf5 expression thus decreased more over time in VD-C-and VD-H-fed larvae than in VD-0-fed larvae. The expression of MyoD1 significantly increased between 22 and 44 dph and was significantly lower at both sampling dates in VD-0-fed larvae than in the VD-C and VD-H groups. There was no dph 3 cholecalciferol interaction on MyoD1 expression. There was a significant effect of dietary cholecalciferol level and dph on the expression of myogenin, with a significant dph 3 cholecalciferol interaction. The expression of myogenin was significantly higher at 22 dph in VD-Cand VD-H-fed larvae than in VD-0-fed larvae; it decreased between 22 and 44 dph in VD-C-and VD-H-fed larvae to reach the level of VD-0-fed larvae, which did not change between 22 and 44 dph.
Myosin heavy chain mRNA levels significantly increased in all 3 diet groups between 22 and 44 dph (Table 1) . MYH gene expression was also significantly affected by cholecalciferol dietary level, with a higher expression in VD-C-fed larvae than in VD-0-fed larvae, that of VD-H-fed larvae being intermediate. There was no dph 3 cholecalciferol interaction on MYH expression. The levels of expression of myosin light chain 2 and myosin light chain 3 were both significantly higher at 44 dph compared to 22 dph. MYL2 and MYL3 expression levels were not significantly regulated by the different levels of cholecalciferol tested. There was no dph 3 cholecalciferol interaction on MYL2 or MYL3 expression.
Skeletal muscle growth dynamics
The dorsal white muscle of sea bass larvae at 44 dph was constituted of muscle fibers that were not homogeneous in size and not uniformly distributed (Supplemental Fig. 1 
), which were more numerous in the dorsal part of white muscle than at its lateral and ventral peripheries. These fibers were themselves surrounded by a thin layer of white muscle fibers with small cross-sectional areas (,100 mm 2 ). In VD-C-and VD-H-fed larvae, some small fibers were also located between large fibers in the deep part of white muscle. The TCSA WM was similar in VD-C-and VD-H-fed larvae ( Table 2) . A lower dietary cholecalciferol concentration (VD-L) slightly decreased the mean TCSA WM but this was not significant (P = 0.14). Feeding the larvae a diet with a high cholecalciferol concentration (VD-H) significantly increased the TN WMF at 44 dph (+19% compared to VD-L-fed larvae and +15% compared to VD-C-fed ones). The distribution of white muscle fiber diameters was significantly affected by dietary cholecalciferol level (Fig. 1) , although the mean diameter and the median diameter of fibers did not differ among the groups ( Table 2 ). The number of white muscle fibers with a small diameter (D # 5mm) was significantly higher in the VD-H-fed larvae than in the VD-L and VD-C groups. The VD-C-and VD-H-fed larvae had significantly more large white muscle fibers of the 25 , D # 30 mm class of diameters ( Table 2 ). The maximum diameter of the white muscle fibers was significantly higher in the VD-C-and VD-H-than in VD-L-fed larvae ( Table 2 ).
Discussion
The larva growth obtained with the control diet (0.69 mg cholecalciferol/kg) was fully comparable to that reported in other studies (12, 18) and indicated that valid physiological observations and conclusions can be drawn from the experiment. Among the range of dietary cholecalciferol levels analyzed, that of the control diet, which led to the highest body weight increase, was 11.5 times higher than the amount recommended for juveniles (25) . A lower dietary cholecalciferol concentration (VD-L) decreased the growth of first-feeding larvae, suggesting that the cholecalciferol requirement of these larvae for high somatic growth might be .0.28 mg cholecalciferol/kg diet.
The axial skeletal musculature of adult European sea bass is composed of a main mass of deep white fibers, a superficial layer of red fibers and intermediate fibers lying between them. These muscle fibers originate from different germinal zones and have different growth processes (26) . Few presumptive white muscle fibers are formed during embryogenesis, whereas numerous fibers are recruited in larvae, juveniles, and adults (13, 26, 27) . The long-lasting hyperplastic growth of the locomotor muscle of this fish contrasts with that occurring in mammals, where muscle hyperplasia ends soon after birth (28) . In European sea bass larvae, new muscle fibers are mainly added in proliferative zones located at the surface of the myotomes (stratified hyperplasia), whereas in juveniles new muscle fibers are added in the deep part of white muscle (mosaic hyperplasia) (13, 26, 27) . The change in location of recruitment of new muscle fibers, from myotome periphery to the deep part of white muscle, is marked by changes in the location of proliferative nuclei (13) . Proliferative nuclei express PCNA, which is a protein that functions as a cofactor of DNA polymerase-d and is necessary for cell cycle progression and cell proliferation (29) . Our results indicate a decrease in whole fish cell proliferation between 22 and 44 dph, as RNA was extracted from whole larvae and PCNA is expressed in proliferative nuclei of all cell types. The fact that no regulation of whole larva proliferation by cholecalciferol was found here does not mean that regulation of proliferation does not exist in muscles, as is the case in chicks (6) . This muscle regulation might have been masked by the overall fish regulation, because cholecalciferol is known from studies in humans and terrestrial vertebrates to have either an antiproliferative or a proliferative role, depending on tissue (1). Whether such a specific cell-type regulation of proliferation by cholecalciferol exists in fish remains to be determined. Myf5 and MyoD are 2 MRF involved in the determination of muscle cells (30) . Our findings demonstrate that they are not similarly regulated during muscle development in European sea bass larvae and suggest greater involvement of Myf5 in the early (d 22) than in the late (d 44) myogenic process and a reverse involvement of MyoD1. Our findings also show that Myf5 and MyoD1 are regulated differently by dietary cholecalciferol. This was not observed at 22 dph, where the levels of expression of both Myf5 and MyoD1 were lower in the muscle of the larvae fed the lower cholecalciferol dose but was observed at 44 dph, where a low dietary cholecalciferol level continued to maintain a low level of MyoD1 expression but no longer had an effect on Myf5 expression. Myogenin is a MRF that is involved later than Myf5 and MyoD in myogenesis, during the steps of fusion and differentiation (31) . Our findings indicate that myogenin expression is both developmentally and nutritionally regulated by cholecalciferol in European sea bass larvae. The decrease in the level of myogenin expression between 22 and 44 dph in 0.69 and 3.00 mg cholecalciferol/kg-fed larvae indicated a decrease in myogenesis. A low dietary cholecalciferol level (0.28 mg/kg) impaired the expression of myogenin at 22 dph, which might have an impact on the number of myotubes formed. These results add to the understanding of the nutritional regulation of the activity of myogenic cells, which has been little studied in fish. Available studies indicate that changes in food availability affect the expression of Myf5, MyoD1, and myogenin in fish (31, 32) . Such changes in overall plane of nutrition are not involved in the differences in MRF expression found here, as all 3 diets were continuously distributed in excess. Information on the nutritional regulation of these MRF expressions indicated FIGURE 1 Distribution of white muscle fiber diameters at 44 dph in European sea bass larvae fed diets containing 0.28 (VD-L), 0.69 (VD-C) and 3.00 (VD-H) mg cholecalciferol/kg. Values are means 6 SE, n = 9 or 10. Variability is reported in Table 2 for clarity. dph, days posthatching; VD-C, control dose; VD-H, high dose; VD-L, low dose. that Myf5 and myogenin expression are regulated by dietary carbohydrate and energy levels in trout (33) and that of MyoD1 is regulated by changes in dietary plant protein sources and amino acid profile (34) . We show that there was similar developmental regulation of the 3 myosin chain genes studied, with expression levels increasing with development. This increase in myosin chain levels of expression occurred when the expression of PCNA decreased, consistent with an inverse relationship between differentiation and proliferation (35) . Cholecalciferol is known to increase myosin protein in chick skeletal myoblasts (7) . Nutritional regulation of expression of myosin chains by cholecalciferol was evidenced here only for MYH: the lower dietary cholecalciferol level (0.28 mg/kg) prevents its expression, whereas the intermediate dietary cholecalciferol level (0.69 mg/kg) promotes its expression. In addition to its sensitivity to low dietary cholecalciferol concentration, the expression of skeletal MYH is also regulated by food availability in different juvenile (32, 36) and larval (37) fish and by dietary level of soluble protein in salmon (38) .
The active form of cholecalciferol, 1,25 dihydroxycholecalciferol, functions through a nuclear vitamin D receptor and vitamin D-responsive elements of many genes (39) and through a plasma membrane receptor and second messengers such as MAP kinase or cyclic AMP (40) . VDR has been cloned for different fish species, including the European sea bass (GenBank accession nos. AM040727 and AM040728). Cholecalciferol receptors are present in fish skeletal muscle (41, 42) . We previously found in European sea bass larvae from the same study that VDRa expression decreased between 22 and 44 dph, whereas that of VDRb decreased only in larvae fed the 2 diets with a high cholecalciferol concentration. At 22 dph, the expression of VDRa was similar in the 3 batches of larvae, but the expression of VDRb was significantly lower in 0.28 mg cholecalciferol/kgfed larvae than in the 0.69 and 3.00 mg cholecalciferol/kg-fed groups (17) . This low expression of VDRb at 22 dph may be involved in the low levels of expression of Myf5, MyoD1, myogenin, and fast myosin heavy chain observed at this developmental stage.
The results presented here indicate that, in addition to an effect on the expression of genes involved in myogenesis and muscle growth, the level of dietary cholecalciferol acts significantly in sea bass larvae on a phenotypic characteristic of muscle development and growth, i.e. muscle cellularity. Muscle cellularity is the result of the recruitment of new muscle fibers (hyperplasia) and growth of existing fibers (hypertrophy). The hyperplastic process of muscle growth occurred at the periphery of myotomes (stratified hyperplasia) in young sea bass larvae, whereas in older larvae, it also occurred in the deep part of white muscle between previously formed fibers (mosaic hyperplasia) (13) . In the present study, stratified hyperplasia was present at 44 dph in all groups but was higher in the VD-L group than in the other 2 groups; mosaic hyperplasia was absent in VD-L-fed larvae but present in the VD-C and VD-H groups, showing that the larvae fed the latter 2 diets were more advanced in muscle development at 44 dph than the larvae fed the diet with the lowest cholecalciferol concentration. The mosaic hyperplasia occurring in the deep white muscle of larvae fed diets containing 0.69 and 3.00 mg cholecalciferol/kg was supported by high expression of MyoD1 gene. The diet with 3.00 mg cholecalciferol/kg clearly increased the TN WMF. These fibers were recently recruited, as indicated by their very small diameter. This higher total number of white fibers in the 3.00 mg cholecalciferol/kg-fed larvae was not linked to increased weight or length at 44 dph. Our findings concerning the other process of muscle enlargement (hypertrophy) indicate that feeding the larvae a diet with a low cholecalciferol concentration (0.28 mg/ kg) decreases the number of large white fibers and the maximum size of white fibers. This is consistent with what is known in humans, where vitamin D-dependent myopathies lead to type II muscle fiber atrophy (2, 4) . Because VDR 2/2 mice exhibited reduced skeletal muscle cell diameter (3), the low expression of VDRb in larvae fed the diet containing 0.28 mg cholecalciferol/ kg might have been responsible for the decrease in the size of the larger white muscle fibers in these larvae. In addition to this effect on muscle fiber size, dietary cholecalciferol deficiency also affects the ultrastructure of sarcoplasmic reticulum architecture in trout (10) . This finding indicates that vitamin D is also essential for maintenance of skeletal muscle in fish older than those used in the present study.
We showed that there is a nutritional regulation by cholecalciferol of skeletal muscle growth mechanisms in European sea bass larvae. We demonstrated that a low level of dietary cholecalciferol (0.28 mg/kg) decreases the expression of MRF and fast myosin heavy chain, the growth of white muscle fibers, and larva growth. An intermediate cholecalciferol concentration (0.69 mg/kg) favors the expression of fast myosin heavy chain and larva growth. A high level of dietary cholecalciferol (3.00 mg/kg) markedly increases the number of white muscle fibers recruited by sea bass larvae. These new findings contribute to the growing recognition of the important role of nutrients in skeletal muscle development and growth during early ontogenesis.
